Computational design can accelerate the discovery of new materials with tailored properties, but applying this approach to plasmonic nanoparticles with diameters larger than a few nanometers is challenging as atomistic first-principles calculations are not feasible for such systems. In this paper, we employ a recently developed material-specific approach that combines effective mass theory for electrons with a quasistatic description of the localized surface plasmon to identify promising bimetallic core-shell nanoparticles for hot-electron photocatalysis. Specifically, we calculate hot-carrier generation rates of 100 different core-shell nanoparticles and find that systems with an alkali-metal core and a transition-metal shell exhibit high figures of merit for water splitting and are stable in aqueous environments. Our analysis reveals that the high efficiency of these systems is related to their electronic structure, which features a two-dimensional electron gas in the shell. Our calculations further demonstrate that hotcarrier properties are highly tunable and depend sensitively on core and shell sizes. The design rules resulting from our work can guide experimental progress towards improved solar energy conversion devices.
INTRODUCTION
Nanoplasmonic hot-carrier devices are promising for applications in photocatalysis, [1] [2] [3] [4] [5] [6] [7] photovoltaics, [8] [9] [10] [11] [12] and optoelectronics. [13] [14] [15] [16] [17] In these systems, localized surface plasmons are responsible for high sunlight absorption efficiencies. 13, 18, 19 The non-radiative decay of such plasmon excitations generates energetic or "hot" electrons and holes, which can be harnessed to trigger otherwise challenging chemical reactions or collected as electric current. 20 Many nanoplasmonic devices that have been studied are based on metallic nanoparticles, [21] [22] [23] [24] [25] but energy conversion efficiencies have remained relatively low, usually <1%, [26] [27] [28] [29] [30] as extraction of hot carriers without significant thermalization losses is challenging. 20, 31, 32 It is, therefore, desirable to explore novel device designs. Bimetallic core-shell nanoparticles are natural candidates for improved devices. For instance, Negishi et al. 33 reported that loading TiO 2 with Au@Pb nanoparticles (i.e., nanoparticles consisting of a gold core and a lead shell) greatly enhances water oxidation activity, while Dai et al. 34 found that gold nanorods coated with silver exhibit improved surface-enhanced Raman scattering. Core-shell systems exhibit highly tunable optical properties, 35 but not much is known about their hot carriers. Another challenge is identifying promising candidate systems as the number of possible core-shell nanoparticles that can be obtained by combining different metals and varying core and shell thicknesses is extremely large.
Theory and simulation approaches can accelerate the discovery of novel materials via high-throughput calculations and shed light on microscopic mechanisms that limit achievable energy conversion efficiencies. However, modeling nanoparticles of experimentally relevant sizes is challenging as ab initio approaches, such as density-functional theory, are typically limited to systems containing <1000 atoms 36 (corresponding to a spherical nanoparticle with a radius of only 1 nm). To overcome this difficulty, continuum electronic structure methods, such as jellium or effective mass theory, have been used. For example, Manjavacas et al. 37 developed an approach based on Fermi's golden rule to study plasmon-induced hot carriers in experimentally relevant silver nanoparticles. Recently, Dal Forno, Ranno, and Lischner 38 extended this approach to other materials and also included an accurate description of hot-carrier lifetimes.
In this paper, we calculate hot-carrier properties of bimetallic core-shell nanoparticles to identify promising candidate systems for photocatalytic applications. In particular, we focus on systems for water splitting, but we expect that our results are also relevant to other reactions, such as CO 2 reduction. Searching through the large design space of 100 material combinations with different core and shell thicknesses, we identify design rules for improved devices and discuss how the electronic structure of these systems and their optical properties influence device performance.
RESULTS

Material screening
To identify bimetallic core-shell nanoparticles with attractive photocatalytic properties, we chose ten metals (Ag, Al, Au, Cu, K, Li, Na, Sn, and Zn) and computed the number of hot electrons and holes that can trigger the hydrogen and oxygen evolution reactions for all possible core-shell combinations. The choice of materials was guided by the following considerations: (i) chemical diversity (the set contains both transition metals and "simple" metals without d-electrons), (ii) experimental relevance and (iii) availability of bulk data for parametrization of our model. Calculations were carried out for nanoparticles with a core radius of 4 nm and a shell thickness of 1 nm (chosen to ensure a volume ratio of core and shell of approximately unity) in an aqueous environment illuminated by sunlight. 39 Figure 1 shows our results and demonstrates that core-shell nanoparticles often exhibit an improved performance compared to their mono-metallic counterparts (diagonal entries). Figure 1b shows the number of hot electrons generated per unit time and volume that can trigger the hydrogen evolution reaction (HER). We find that core-shell nanoparticles containing alkali or alkalineearth metals, such as K, Li, Na, and Mg, generate more hot electrons than systems consisting of transition metals. In contrast, core-shell systems containing transition metals are generally better at producing hot holes for the oxygen evolution reaction (OER), see Fig. 1c . Remarkably, the highest generation rates are achieved by core-shell sytems that contain both transition-metal and alkali-metal components. Specifically, core-shell nanoparticles consisting of one Cu, Ag, or Au component and one Li, Na, or K component perform well.
To split water into oxygen and hydrogen, a photocatalyst has to provide both energetic electrons and holes. To assess the ability of core-shell nanoparticles to trigger this reaction, Fig. 1d shows the Figure of Merit (FoM) defined as the number of hot carrierselectrons or holes-that are produced in the smallest amount by a particular core-shell nanoparticle according to Fig. 1b, c and, therefore, constitute the bottleneck in the water splitting reaction. Again, we find that core-shell nanoparticles, which combine transition-metal and alkali-metal components exhibit the best performance with K@Au and Na@Au nanoparticles having the highest FoM among all systems that were studied. Core-shell systems consisting of combinations of the transition metals Cu, Zn, Ag, and Au also perform quite well, while nanoparticles consisting only of simple-metal components (Li, Na, K, Mg, Al, Sn) are not very efficient.
Stability in an aqueous environment is another important characteristic of a useful photocatalyst. In Fig. 1d , the nanoparticles with shell metals that dissolve in water 40, 41 are denoted by a gray cross. Nanoparticles whose shells form an oxide or hydroxide surface layer in water 40, 41 have a purple frame. We find that the core-shell systems with the highest FoM for water splitting are stable in aqueous environments.
Dependence of hot-carrier properties on size of core and shell Having identified promising material combinations for photocatalytic core-shell nanoparticles, we study the dependence of hot-carrier generation rates on the core radius R c and the total radius R. Figure 2 shows results for K@Au nanoparticles and demonstrates that increasing R c at fixed R significantly enhances hot-carrier generation rates. The dashed black line in Fig. 2 shows the generation rate for a fixed shell thickness of 0.5 nm. We find that very small nanoparticles (R < 4 nm) generate fewer hot carriers per unit volume than larger systems. At R = 5 nm, the hot-carrier generation rate reaches a maximum and further increase in R leads to a slow decay of the hot-carrier rates. We have found that the optical and electronic properties of other core-shell nanoparticles with both transition-metal and alkali/ Fig. 1 a Schematic picture of a core-shell nanoparticle (denoted as Ag@Au for a nanoparticle with a Ag core and a Au shell, for example). R c denotes the core radius, while R is the total radius of the particle. b Number of hot electrons above the HER threshold generated per unit time and volume for 100 different core-shell nanoparticles. The row index indicates the core metal and the column index the shell metal. c Same as b, but for hot holes produced below the OER threshold. Note that c, d have the same colorbar. d The Figure of Merit of the water splitting reaction, defined as the smaller of the hot-hole and hot-electron numbers in b, c, for the 100 core-shell nanoparticles under consideration. Nanoparticles whose shell oxidizes in an aqueous environment under standard conditions are marked with a purple frame. Nanoparticles whose shell dissolves in an aqueous environment are marked with a gray cross alkaline-earth components are very similar to the specific case of K@Au. Minor differences arise from variations in the material parameters. Figure 3 shows the energy-resolved spatial distribution of hot carriers for (a) a K@Au nanoparticle and (b) an Au@Na nanoparticle illuminated by monochromatic light at their respective plasmon resonance frequencies. To facilitate extraction of hot carriers and reduce thermalization losses, it is advantageous to generate hot carriers near the surface of the nanoparticle. For the K@Au nanoparticle, we find that indeed most carriers are generated in the Au shell. In contrast, for the Au@Na system a significant fraction of hot carriers, high-energy holes in particular, are generated in the core of the nanoparticle. Interestingly, the hotelectron distribution for this system exhibits a peak at~1 eV corresponding to the direct injection of hot carriers into states above the vacuum level.
DISCUSSION
For mono-metallic nanoparticles, we have previously established that the metal work function is a key quantity that characterizes photocatalytic activity. 38 If the work function is higher than the HER level, all hot electrons can trigger the HER. If, on the other hand, the work function is lower than the OER level, all hot holes can trigger the OER. Core-shell nanoparticles are characterized by two work functions: one for the core metal and one for the shell metal. If these work functions straddle the OER and HER levels, photoexcited electron-hole pairs can trigger both the OER and HER and thus split water. This shows that there is an interesting analogy between bimetallic core-shell nanoparticles and semiconductor photocatalysts, 42 which can split water if their conduction and valence band edges straddle the OER and HER levels. Figure 4 shows the work functions of the various core-shell systems that were studied. While alkali and alkaline-earth metals have higher work functions than the HER level, no metal has a lower work function than the OER. Among all metals studied, Au exhibits the lowest work functions (only~0.2 eV higher than the OER level) indicating that many photoexcited hot holes can still trigger the OER. There is a strong correlation between the coreshell nanoparticles that exhibit a high FoM for water splitting, see Fig. 1d , and the combinations of metals whose work functions (almost) straddle the OER and HER levels. In particular, the simple argument based on work functions correctly predicts that combinations of the transition metals Au, Ag, and Cu and the simple metals K, Li, and Na yield core-shell nanoparticles with high FoMs for water splitting.
For a given combination of metal components, core-shell nanoparticles can be further categorized into two classes with fundamentally different electronic properties. If the work function of the core metal is larger than the work function of the shell metal, the energy levels of the nanoparticle look similar to the levels of the Au@K system, shown in Fig. 5a . For this system, the most deeply bound states are localized in the core and the resulting density of states, Fig. 5b , at the corresponding energies exhibits a square-root-of-energy behavior, similar to monometallic nanoparticles. 38 At energies larger than the bottom of the shell potential V s additional states occur that are localized predominantly in the shell of the nanoparticle. Such nanoparticles tend to produce hot carriers localized in the core which are typically more difficult to extract, see Fig. 3b .
In contrast, Fig. 5c shows the energy levels of a nanoparticle with a shell whose work function is larger than the one of the core. For this system, the deeply bound states are localized in the shell and give rise to a series of steps in the density of states, Fig. 5d , Fig. 4 Work functions of various metal pairs in relation to HER and OER levels. A bimetallic core-shell nanoparticle efficiently splits water when its work functions straddle the OER and HER levels indicating that the electrons confined in the shell behave similarly to a two-dimensional electron gas. These states form separate branches, which are almost flat near l = 0. Increasing the value of the angular quantum number l leads to additional nodes in the angular part of the wavefunction. As the wavefunction is localized in the shell, this costs almost no energy. In contrast, increasing the principal quantum number n requires additional nodes in the radial part of the wavefunction. Because of the radial confinement of the states, this is energetically very costly and results in energy gaps between the branches. Such nanoparticles with a deeper shell potential produce predominantly hot carriers in the shell, which are more easily extracted from the device, see Fig. 3a .
Next, we discuss the dependence of the photocatalytic activity on the size of the core and the shell, see Fig. 2 . It is well known that the optical properties of core-shell nanoparticles are highly tunable as a function of the volume ratio of core and shell. 43, 44 For example, Fig. 6 shows that a K core has a significant effect on the absorption cross section of a Au nanoparticle, increasing the total absorbed power (see inset) and consequently the rate of hotcarrier generation. The plasmon energy of a K nanoparticle is lower than that of a Au nanoparticle and, therefore, the addition of a K core leads to a redshift of the Au plasmon resonance improving the overlap with the solar spectrum. This redshift leads to a significant increase in the plasmon amplitude and optical absorption as the imaginary part of the dielectric function of Au decreases rapidly for energies below 2.5 eV. The largest redshift and maximum absorption are achieved for systems with large K cores and thin Au shells.
Finally, to understand the radius dependence of hot-carrier properties for a fixed shell thickness (see dashed lines in Fig. 2 ) we note that small nanoparticles (with R less than 4 nm) have discrete energy levels resulting in fewer but more energetic hot carriers. As the energy level spacing shrinks with increasing R, the hot-carrier generation rate also increases. At R = 5 nm, the hot-carrier generation rate reaches a maximum and further increase in R leads to a slow decay as anti-resonant transitions, which result in less useful low-energy carriers, become more dominant. 38 As the shell thickness increases, the optimal radius also becomes larger since a larger core is required to achieve a significant redshift of the plasmon energy. The interplay of anti-resonant transitions and plasmon redshift as function of core and shell sizes thus determines the optimal radius of the core-shell nanoparticle.
In conclusion, we have studied properties of plasmon-induced hot carriers in bimetallic core-shell nanoparticles for photocatalytic applications. Specifically, we screened 100 different core-shell systems and found that nanoparticles with an alkali-metal core and a transition-metal shell, such as K@Au nanoparticles, exhibit a high Figure of Merit for water splitting and are stable in aqueous environments. Such systems feature hot-hole states that are confined to the shell and behave like a two-dimensional electron gas. In addition, properties of core-shell systems are highly tunable and depend sensitively on the thickness of the shell and the radius of the nanoparticle. Our results, which are summarized in Table 1 , thus open up new pathways for designing efficient core-shell nanoparticles for hot-carrier photocatalysis and photovoltaics and provide guidance to experimental efforts towards improved devices.
METHODS
To study hot carriers in bimetallic core-shell nanoparticles, we extend the approach introduced by Manjavacas et al. 37 for mono-metallic nanoparticles. In this approach, the total number of hot electrons generated per unit time and volume in a nanoparticle illuminated by sunlight that can trigger the hydrogen evolution reaction is given by
where N e (E, ω) denotes the energy-resolved distribution of hot electrons generated by monochromatic light of angular frequency ω and intensity I irr . Also, S(ω) denotes the solar spectral irradiance 39 and E HER = −4.44 eV. 45 A similar expression provides the total number of holes that can trigger the oxygen evolution reaction. Using Fermi's golden rule, N e (E, ω) can be expressed as N e ðE; ωÞ ¼ ¼ 4ξ hV
where i and f label initial and final states, respectively, and V ¼ 4π 3 R 3 is the volume of the nanoparticle. Also, E i and E f denote hole and electron quasiparticle energies, respectively, and Φ(ω) is the total electric potential created by the sunlight and the plasmon excitation. Moreover, γ if is the linewidth of the transition and ξ is a parameter chosen to ensure that the power absorbed by the nanoparticle (as calculated from the quasistatic absorption cross section) is equal to the total power of the hot carriers. In Fig. 6 Absorption cross sections of K@Au core-shell nanoparticles with R = 5 nm, but different core radii R c . Each curve is normalized to a maximum value of unity and offset for clarity. A schematic of the corresponding nanoparticle is shown to the left of each cross section. The inset shows that the total power absorbed by the nanoparticle increases drastically as the shell thickness is reduced. In the inset, the power absorbed by a pure Au nanoparticle is shown as a dashed gray line 
Assignment of core and shell materials
Use alkali/alkaline-earth metal in the core, transition-metal in the shell.
Hot-carrier production in the shell facilitates extraction; enhanced stability.
Size of the nanoparticle Radius between 5 and 10 nm. Large enough to avoid quantum size effects, small enough to avoid anti-resonant transitions.
Shell thickness
As thin as possible, ideally less than 1 nm. Maximize absorbed power.
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our calculations, the δ-function is replaced by a Gaussian with a standard deviation of 0.05 eV and we use I irr ≈ 1.33 mW m −2 in Eq. (1). To evaluate Eq. (2) for a core-shell nanoparticle, we solve the Schrödinger's equation for a two-step spherical potential well. The depths of the two wells are determined by the conditions that (i) the work function of the core-shell system must equal the work function of the shell material 46, 47 and (ii) the difference between the core and shell depths is equal to the Volta potential. Note that this approach typically describes well electrons in s-and p-bands, but fails to capture d-electrons, which can play an important role in transition metals. 38 As a consequence, our calculations yield valuable lower bounds on hot-carrier generation rates. Photoexcited d-electrons contribute significantly to hot-carrier rates when the photon energy is larger than the energy difference between the Fermi energy and the highest occupied d-band. 48 Additional work is needed to develop accurate electronic structure models for experimentally relevant transition-metal nanoparticles. Note that the two-step potential describes a hard interface between the core and the shell. Experimentally, we expect that some interfaces, especially those between highly miscible metals, are smooth. However, the effect of interface smoothness on hot-carrier properties is small. For example, Manjavacas et al. 37 obtained very similar hot-carrier generation rates for an abrupt potential well and a smoother mean-field potential that includes effects of electron-electron interactions. The plasmon potential Φ for a core-shell nanoparticle is calculated in the quasistatic approximation using experimental bulk dielectric functions. 49, 50 It is well known that the quasistatic approximation is only valid if (i) the nanoparticle is smaller than the wavelength of light and (ii) the nanoparticle is sufficiently large that quantum size effects can be neglected. Moreover, the quasistatic approximation underestimates the width of the localized surface plasmon resonance in the absorption spectrum, 51, 52 but the effect of this correction on hot-carrier rates is negligible. 53 The transition linewidths γ if are obtained from the hot-carrier lifetimes and include effects of electron-electron and electron-phonon scattering. 38 We calculate the lifetimes τ CS of hot carriers in core-shell nanoparticles from the lifetimes of the core material τ C and the shell material τ S via
Here, ζ is given by
where g C (E F ) (g S (E F )) denotes the density of states at the Fermi level of the core (shell) material and the exponent p is set to 1 for electron-phonon scattering and to −2.5 for electron-electron scattering. 54, 55 Further methodological details and all material-specific parameters that were used in our calculations are available in the Supplementary Information.
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